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PORE ORD 


In the field of struetumal desagn the engineer naomi, 
limits nimself to a relatively narrow selection ef materials 
for utilization in the boay of a structures. Apart from con= 
sideration of the properties of the structural material, the 
selection is cften Gictated by sucn factors as Duilding code 
restrictions, "standard »vractice, and the personal pref- 
erences of the designer. In a large measure tnese latter 
factors stem not from any marked superiority of one material 
over the others§ but frem prejudice, resistance to cM@eange, 
anc facility of design technique, 

To become fully conversant with the properties of all 
potential materials of construction is an exhaustive task; 
hence it is natural for the engineer to investigate only 
those construction media of most widesoreadsuse. ieveve:, 
such a tendency can only lead to a stagnation of materials 
developient, and the engineer has a further responsi s.ility 
Be Pive cue consiceration to all prosuvective structive 
ie Cerials . 

TO-assist the cesiener in filling this responss era wae 
tnere is compiled on the following pages a discussion of 
the merits and limitations of several materials which may 
nave a future in the structural field. It is not the 


intention of this paper to provide a Gesign manual for the 








fat 


use of these materials. Ratner, this compendium is designed 
to give the engineer the information necessary for selection 
of a structural material to fit the needs of his particular 
prodiem, and to provide a bidlicerapiy for furcicr, wen 
complete investigation of the material so selected. 

Not all of the materials nerein discussed are new; many 


st 


of them have been used extensively outside of the field of 
building construction, and others, once prominent as struc= 
tural media, heave fallen into virtual disuse. At the present 
stage of development, some of the materials discussed here=- 
after may seem useful only for "special purpose" items; 
nowever, oY such specialized use of the product, toevenzineer 
pecomes more familiar with the materiel and worse Dold 20 
using it. ‘Yaus materials tecnnolozy is advanced. 
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a Prenmch gardener was puotering arounc. witn a souccilal Gatenma 
for Tlovwer povws. Phat naterival turmed=-ouy to De reliniorec. 
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Ls 
CHAPTER I 


PROBLEMS OF DETERIORATION OF CONVENTIONAL 
CONSTRUCTION 1U.TERIALS 

To cstabiash the desirability for brec@cminge thesis 
Of structural matcrials, it is first neeesdary to Gacm 
frictily on thc morc usual matcrials of Goma@truction. ame 
mic fouilyicr propcrtics of strcengen, wcisht, 2ne apnpcarage. 
ell are important factors to be considercd, the loess cemmoaum, 
maou CoaracucrisStLes GWricn may ulbeimcicly itntlucncee 
GP wiatcrials cre thosc of dursbilivy<, Pocrnicaps in nov oiwecmes 
seructural Gcsign decs durability vwemrem norc neavily Gaemead 
mac ficid of maritine construction, for the pounding wovweee 
Berrosivce waters, drifting sands, anc salt-ledcn air Servers 
micrcasG the tcGiipo of neaturc*’s Gestructive atvcack. 

Treaagitionally the meatcrisls for watecriront constryermaem 
Deve boecn carth, stonc, wood, conerctc, and stocl. nc 
meOorucOnlings of thesc matcrials mave bech treatcd ot gress: 
meractcd by many pRaitcrs. The Cssencc of thesc treatises as 
Mmenclly sutmerizcd in the foilewang poarcgranhs . 

Harti, Or SOd., 1S “ec OS GIce monly Occurring = Csac we 
meunetiral riaccrials, However, in dcitence of this wougmaous 
WecUrremec, SOrml is pcrnaps thc most ¢e:picx of structure! 
MeG@ia, By nodicrn «cthneds of soil mechanics thc age-old arts 


SL Calemeemec ONC Geereconseruetion Gmc beings ratienc lized and 
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improved,» Nonetheless» in carth eigmueturcomsne specu soil 
condition is usually a transitory thing at best, bcing predomi— 
nantly subjcect to fluctuctiens am meisturcmconteiie ame as) 
or may not havc been forcsccn, To illustratem carta deeamen 
rcsorvoir walls with cores of highly collcid@al coseaiy cea! 
moy foil following prolonged dry spells. Durine pcriegamc: 
arougnot, with attcndant lowcring of the levcl of i:z:poundcd 
WeCCrs, tho impervious cores way cry out, shriney and er2ciaeve 
such a dacgrec that when the water levcl is egain notsaed sane 
Seructures will lcck profuscly. Furthcrnorc, without proce. 
Mime wr aclnigs Of Sso0-ic seers, int structurcs are pergica lau 
mimecranlG to the crosion Of Wind, = Vevec. end ravuies 

AS a weterial to rosist tne impact of poumding vavess 
stonc has fcw cquals. Howsver, the weight waich scrvcs stonc 
sO well as a broakwator material cen also be its nemcsis otor 
barticulerly with undresscd stenc, thc high Dcaring preseures 
PevGlopod icy causc the stone to sink into soit soils. (2 
most cascs, tnhougn, this difficulty can de surmounted by 
Peecing 2 foundation met of sand to spread tho lead. —faaae 
meconly readaizcd faidinmg of gtonce is the fact that cvemeeoed 
feasc rock will slowly corrodc in sea watere(33)* Because er 
bees corrosion cvcn the most carcfully constructcd masonry 
SCoyom Or broeakwatcr will eraduslly Loosen up. After times 


“Nwibcr in parcnthcses indicatcs refcrcenes listcd in 
bao 1 OSs sy. 
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initial looscncss scts in, wove action will cause Werner 
the rocks with conscqucnt abrasion, and the structugs Woe 
Gventually looscn up sufficiently to cavec 14a. 

Of a morc facilc nature is wood--light in weight, rcason-= 
ably strong, and quitc widely availablo,. Dcspite wood's age= 
H@ss popularity as a structu®al @mtcrial, the shortcouma 4 a> 
its usc have yet to be overeconco, Kent dry, wood is hea 
combustible; wet, it becomes vory dur@olc, but its strengen 
HS somcowhat dininishcas. Alternate wetting ond drying ace 1— 
eratcs rotvtang. UBcemusc of lts “ereganic N2turc, Wood aigmas 
Abumeccivce food scumec for eny numpcr of acstruceive ileus 
and faunas Fungi, Ucriiitcs, and becetics attack wood cmmiaaay 
i Ginbcr pile standing invsopen waterway bc riddled by ame 
morcrs ct cno cnd and by weedpecekcrs at the others fice 
Geeapes to combat tncsc difficultics are myriad, Pirepeoorea 
maa iLtro=rctardine precesscs arc avanmioplc, but Thcir eco 
ef pcrforzience is spotty. Fireproof and vermiin=prool cassme 
mere OCCh sucecssiully applica ™to wood, but tieir usceecem. 
seacrcbly inercascs structural costs. Véa@ricus toxic cosa. 
Sr tiiprcenctions such as eeal tarvercosobe or penuacalouwe. 
Becnol hove beocn uscd wlth @arying desrccs i success cee 
Ducleogecal cttack. Invlocalcs where this attack laepantan 

pricwesieverc, such troaticnt may cppre@iably prolong the Tie 
of titipew Etructires. Heweveryrin oreasmuberc timber norucily 


G@Cucriometcs vory slowly, it is quiltcG possipic vunet the Lexre 





cifects of these chcmicels would Do Gissi pated ae gee 
Meal lsPetsiic of “the Surueunmemico 

Reinforecd portiand ccment comerctc hes deeideci sou awe a 
tho flowcrpot in which 10 was nurturcdys Howevcr, acaewaeeen 
vinually improving ccnercvuc technology end whe 1 6OCit ieee nor 
aesign tcenniquc, there still remain meny eravoceks to Dewowcr= 
Goricew. As if to bdcolic its pooularity for use an crigmiceoee ee 
curcs, concrete bchaves most poorly in mcrince cnviromicnts 4(36) 

EvGn vGorpy dcnmsc ccnerctc is not inpervious to WOmeauamwes 
in oFrens where freezing can cccur, the Gxpansion on Sree 
ef the ocoreclctcd water will cousc spnallang of tac cememe. = 
bikcwisc, in the yzenc cf wotting-and drying, 9. Sic Vereecree 
Securs as dissolved snlts crystallize from cvaporavins pane 
Teccie wich ine perieeted thesconcrevc, Furthersere, oa. 
sodlLumatiagnesiunm sulphates in s@a watcr hove ao particulars, 
dclctcrious corrosive cffect upon conerctc.(33) 

If o SsG@ecll or orcal@eetcr 1s constructca of Giscree: 
ConcmeEtc unipeyothewmabove cypes of sdetormorcticaverm lcadmee 
a struccurcl failure similar to thes hypotacsizca Llores uae 
BOructurcs., 

if the conercte is mot to be immcrscd, oir-cntrazmuee 
eGuicnts ofifcr improved rosistanec to freezging-thawing de@tgcri- 
Oro cmen ome tO Cicincal corrcs@cme, However, bccausc ciara 
PrCcoucreperorst Ly ond, consecqucnG piphor pcricability uneer 
pressure Neadsa,™a"r-chtrained concrete is nou parvieuiarly 


suitcd for structurcs which may be submcrgcde (33) 








i mathor unexpcebed, phenorcnon,. ond coe fone weno 
satisfactory solution has becn feund, is the ceceatensiee aes 
upon ecnerctsc by the pnolad, 2 type of boring mcliisigees-, = 
bling 2 small clam, which, shell and all, gcuzea gan 7 eee 
the ccnercte. However, this type of attack occurs so infrc- 
Ggucntly thet it necd be considecrcd only in those locales waere 
meolidisac arc known to be extromelyaacuneqnes) 

When svcel reinforeing is ceddcd te Grae comerere uaa 
Matcrial becomes even more vulnerable to narine exposure. 4 or 
wmertac ditficultics cf ceonercts dcterioration arc added aie 
peoioleis, of stccl Gprrositon, —Whesec iattcr problems aa aoe 
morowily troecatcd in leter pareenajedas 4b Chis juegos 
marr teo if to say that cracking of Gnc conerctc oepcacsu ima. 
Bcc MhOCGAG Gorrosive cicdsuzge Li Gaewmietunme of Cac eageeas 
eerrosion 18 such that the conrosion »oroauct buildds sup cies 
meriacc of the mctal, toils bubidseup cameercatc suificicnr 
mecagurc to causc spalling of thc comerctc and furtncr mie 
Seoucc of the stca@@g. Sincc themsieolwncemaliyscaermics 2 
Peeety portion of the load an reintereed ccnerctc seme vias 
micwsemicusmess of stccl corrosion can rcadily Dewappreciaces. 
mac usc of conerctc ore=strcessinge techniques is one ci the 
—WeUomcelGebavyC iiGoms, of combebinecethceproolecs of crac anaes 

mac developmen of ticdern welding and cutting techume@iics 
Bos COnumoutGca limicnsGly sboOlGne VGcrsatility of stecl ag a 


Se uUuic@i wee, ICC Ondo nts Cukemlyswincn Cc certain avetint of 





field improvisation is contemplated during the course of a 
construction »oroject, this versatility may well lead to the 
selection of steel in preference to other materials. However, 
snoula the proposed structure be subject to exposure to salt 
water or to sea air, the designer shoulc carefully weigh the 
corrosive effects of these media before selecting a struc-— 
tural material. 

in the succeeding varagraohs, the subject of corrosion 
of steel will be treatec in general terms, for a nrecise 
discussion would be quite lengtny and is not necessary for 
Boerecsation of the problem. 

Structural grade steels, as are most metals, are subject 
to a variety of corrosion phenomena, Corrosive actions may 
be categorized as chemical and electro-chemical, although the 
end-product of corrosion may be the same in either case. 
seereally, ehsmical corresion refers to the destruction of 4 
metal by direct combination of elements or comvnounds to form 
the corrosion products. Blectro-—chemical corrosion is that 
wnich results from © current flow between anodic and cathodic 
mecas, corrosion “ccurring at the anede. The electrical vo= 
tential may resi; from the immersion of dissimilar metals in 
em clectrolyte, or. because of veriations in the surface com— 
position of a metal, 4 similar votentiel may be set uy on the 


surfsce of a single metel. (33,435,864) 
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If the corrosion product (most commonly rust in the case 
of steel) is deposited on the corroding surface, this product 
may form a protective surface film which may retard or cone 
pletely prevent furtner corrosion. Should this film be 
gdestreyed, or if the corrosion product is .ot deposi tedean 
the metal, tne rate of corrosion will bevundiminished ear 
otner conditions remaining unchanged. The protective coating 
may be damaged by physical erosion, by chemical attack oy 
Various solvents, or by metabolic products of biological 
organi sis (54) 

Protective surface films may be apolied artificially by 
painting or by applying bituminous or metallic coatings; if 
cne metal is to be permanently submerged, coverings of this 
sort can offer only very temporary protection. Encasing the 
steel in concrete is aijcre exnensive but more permanent means 
of providing surface protection.(33) 

To prevent electro-chemical corrosion of steel,catnodic 
protection is gaining widespread acceptance. Quite simply, 
this method deters corrosion by making steel the cathode in 
the electrical circuit. This can be accomplisnead by imposing 
a direct current or by installing in the circuit a sacrificial 
anode of a more active metal, commonly magnesium or zinc.(53,64 

Tne foregoing comments serve to indicate that the conven~ 
G20nal structural materials in commen use today sre far from 
perfecte Host of their shortcomings can be overcome, but in 


many cases the methcds of so doing are very stringent and 








ratner costlye Ideally, new materials should be cheaper, 
stronger, and more durable than the aforementioned. Of the 
materlals treated in the following chapters, this, unfortu- 
nately, is not necessarily soe However, if the designer(and 
ultimately the financor) can accept the principle of assign- 
ing proper values to such intangldles as esthetics, elimina- 
tion of strenuous maintenance procedure with its inevitable 
6lement of human error, and experiment for the sake of experi- 
ment, purely monetary comparisons may be outweighed, And 

only through wide usage of new materials can their costs be 


reducede 





Recommended Reading for Nore Detailed Discussion of 
iat ormaiaiven Sumner zed in Chanter I: 


Greathouse, GeAt., and Wessel, Ce Jo, "Deterioration of 
Matericls, Causes and Preventative Techniques," 
Reinhold, 19545 355 pps 


UPiae Corrosion Handbook," Edited by Uhlig, H.» H., John Wiley 
é; Sons, 1948, 1183 ppe 











“Sm te wwe 





ry oe «se e+e ee er ey 


Ee en . ‘ « r, 

. . . “ - ey <4 i i. se 

= ii sae ’ . ris onan * eer 
aloe ~ = . . _ 6 ws “- Ne Cheeta ears te Ot . 

ai at . 
vs : Ce Se Fe . : . Oot is 

: 
a 7 - be ‘ —- - Se ate - 
e 
fe .. ie 
. . Oe ‘ ome 
. “2 s 
. . 
- a F ae a WRIA: ase By 
= ¢ 
wet . 

*s . . tetoe - coe, . + 

oe . nee : : eee Wt oes co : 

1 cs ‘ oa ee . = we om 6 te er) “ Als - 

wa bo 

4 2 Chieti 





eee a 
: ¢ + % . ~§ ‘ : ar 
A crete 4 ‘ 5 ae ¥ os 
* ‘ ‘ § a . Coes eras yeni =: E Pe Oe o 5 . 
. Pies By 
. oo. 
peer ‘ 


CHAPTER II 
STAINLESS STEELS AND LIGHTWEIGHT METALS 


Among the ten most plentiful clements are the metals 
aluminum, iron, magnesium, and titaniun, comprising respec= 
tively 7e5, 4e7, 169, and 0258 per cent by weight of the 
earth's crust.(28) <A further fortunate coincidence is the 
fact that ench of these materials posscssss certain properties 
desirable in structural metals. However, the development of 
meeso metals has depended not upon their mineralogical abu 
dance, but rather upon devising means of producing the 
feoerlais in quantities of economic significances 

Aithough the manufacture of irom.is ao very old ortgaavees 
been practiced among the oldest civilizations, not until the 
latter helf of the lest ccontury were »orocess controls and 
production methods devcloped for the quantity manufacture of 
structural grade stccls of uniform quelity.(28) Thess steels, 
essentially of the low carbon or mild types, care now so 
coumonplace that their usc is virtually second nature to the 
structural engincer,. Nonctheless, thesc stecls may deteri 
orate rapidly in certain cnvironments, and the designer is 
then faced with the choice of providing protection for the 
stecl or selecting a more durable matcrial,. 

Succi metallurcistdawedmely recognized the hardening effect 


of chromium alloyed to stccel. However, not until the turn of 


N 





LO 


the ccntury weseche improved corrosion redistames of caronc 
stccls establishcd. Since that time the development of the 
somccllicd "stainless! and "corrosion=resistant" stccls has 
procecdcd rapidly.(77) 

Beforsc discussing thé provertics of the verious stares. 
stecls it might be wise to rcview briofly the metallurgy of 


7 


pon stcclse Pure iron, on cquilibrium cooling, 


cr 


no Died n “car 
Mes wwO stable crystadlographic forms, Iron freezes a 

2902°F as body centercd ecuble delta irons at 2552°F the atons 
meoricnt theimsclves to the faec-centercd cubic garma iron; 
whoile at 1670°R a roshuffling to body-centered cubic alpha 
mon occurs, Alpha and dclta iron are designetcd as fermmie, 
oma gsimma iron is classificd as.austenite. Theseticcti@en 
Parpon, when oadaca to tne iron to fora sececl is to imerorse 
Be ranges of stability of austenite, In the mild steets 
austcnitc is stable down to 13335°F. Low carbon stccls which 
mevc coolcd slowly to room tcitpcr2ture consist of Synixtuweae. 
ferrite and comcntite (iron carbide). However, in the aus- 
Mmeotvac range purc ccroon is dissolved interstitially in 7ene 
pammie lattiec. \V.ncn the cubie structure shifts from focce= 


ae 2 


ecntcred to body=ccntcrcd, an coxpansion takcs place; if, 


novcvery the austcnite is quenched, the rcoricntation Searts 
at a2 very rapid ratc, and the carbon and iron atoms become 
joumAcCa Upesewunat thceeckpansion to alpha iron cannot transpire. 


Pic rcsumeine suruccure is “sno very hard, invernaily strcased 
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martensite. Subsequent neat treatient of martensite is re- 
quired to relieve some of the internal stress.(24,48,61, 76) 

Essentially the stainless steels are those containing 
from le to 30 per cent chromium; carbon contents may be as 
hign as lee ver cent, and varying quantities of other alloy- 
ing elements, principally nickel, may be added.(6,77) 

The effect of chromium is to derease the range of sta~ 
bility of austenite. Conversely, the addition of nickel may 
so extend this range that stable austenite can exist at roo 
temperature. Stressed structures such as martensite cannot 
poouet from quenching pure ironm=chrone or iron=nielker alto. 
for the foreign atoms directly replace iron atoms in the 
cubic lattice rather than being interstitially ccntained.(77) 

From the foregoing it secomes apparent that the proper- 
ties of the various tynes of-.stainless steels are a result of 
ome ultimate balance of effects of the carbon, chrotiium, and 
Meee) on the austenite range. Because of their benavaor on 
SueRchning, tac stainless steels are classiiied in tnreé Cace= 
gories: Class I, tne martensitic or nardenable steels; 

Claes Il, tne ferritic or non=-nardenable steels; and Class 
til, the austenitic steels.(77) 

As migne be surmised, the Class I steels are Fe~Cr=0 
alloys so proportioned that the austenitizing effect of the 


Jun 


Carbon dominates the ferritizing effect of the chrome to 


such a degree that martensite is formed upon quenching from 





li 


the gamma range. Conversely, in the Class II steels the 
chromium is Gominant, and so little austenite is formed that 
quenching does not produce significant martensitic hardening. 
The Class lil stainlesses are Fe-Cr-Ni-C alloys containing 
sufficient nickel and carbon to nernit the existence of aus- 
tenite at room temperatures. Cobalt and manganese have th 
same effect es nickel but are less cormonly used.(77) 
Altnough tne corrosion resistance of stainless stecls is 
Gircctly proportional to the chromium content, notval Pech. 
Scvecls arc stainiess. Up to about l2 per cent chrome the 
seecis are known simply as enrome steclis; waale these ate. 
mave better corrosion resistance than the plain carton steers, 


on of the chrPonlvuil is to 2npart crear 
pits Rea 


cr 
f+) 


gas Drincigeal rune 
@ercdncss to the mctal. In the range of le=2O pcr cence eae 
galt the corrosion resistant stecls. These ictecis are sume 
Crentliy passive to be almcst non—corrosive in mildly corre a 
megia. In the maximum comnercial range of 20-30 pcr geass 
enrone fall thc non=oxidizging stainless svecis. Pesce See. 
ero virtually non-corrosive in cven the strongost oxidizing 
cnviromicnts.(77) 

Sulohnuric acid seems to straddle the linc betwcen those 
acids which oxidize the metal and those which reduce the oxi- 
dation product. Stainless steels nave excellent resistance 
tO DiteneaclG and Vvergale to goce resistance to Ssulonuiac 


aeid depending on the presence of oxidizing salts. sowever, 
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the nemeses of the stainless steels are the halide ions, and 
the metals perform poorly in hydrochloric acid ama in solmcieme 
of the halide salts. This explains the fact that the stain- 
less steels do not perform particularly well in sea water; 
the addition of molybdenum improves the resistance to marine 
environments, but still the metal should be used with dis- 
cretion if such an exposure is ccntemplated. The non- 
oxidizing steels are virtually inactive in air, but in sea 
alr or in industrial atmospheres containing halide ions sig- 
nificant corrosion can occure In sulpvhurous atmospneres 
discoloration may result.(64,77) 

In the ensuing discussion of physical and mechanical 
properties of stainless steels only the wroughé alloys will 
be Giscussed inasmuch as the cast steels have very limited 
structural application. For tadular and graphical presenia-~ 
b£On of tne properties of these steels and other materials 
discussed in tnis dissertation see the appropriate apvendix. 

Tne Class I and Class II steels have very similar physi- 
Pe. Cheracteristics. sacm has a specific gravity of "ase and 
is ferro-riagnetic at room temperature. The metals melt at 
abcut 2700°F; their soscific heats are essentially that of 
Milo ste@ls toe coefficients of thenmal expansion are only 
Sligmtly lower tan for mild steel. On the other ham, the 
heat conductivity of these metals is markedly lower and the 


electrical resistivity is significantly higher than tne 
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corresponding properties of structural grade steels, The 
combination of low heat conductivity and high electrical re- 
Sistivity makes the resistance welding of the stainless steels 
a highly efficient process. However, the slow conduction of 
heat away from the weld area might cause heat concentrations 
sufficient to create undesirable metallurgical effects in the 
base metal. The stainless steels have a reflectivity of ap- 
proximately 60-65 per cent =-- a brightness equal to that of 
peatinum. (77 ) 

The Class I steels contain Q.15-1.20 per cent carbon 
and 11,.5-18.0 per cent chrome, the higher carbon contents cor- 
responding to the higher percentages of chromium. As 4 
general rule the tensile strength and hardness increase witn 
increasing chrome content while the ductility and impact 
strength correspondingly decreasee A very sharp drop in the 
impact resistance occurs when the chromium content exceeds 
16 per cente The elastic tensile moduli of the martensitic 
steels are practically those of the structural steels, In 
the fully annealed condition the ultimate tensile strengths 
of these steels range from 70,000 to 105,000 psi with yield 
serenzthns of 5060 per cent of these amounts. Srineil have 
nesses vary from 135 to 250 while Izod impact values range 
from 110 ft-lb for the low chrome alloys to 5 ft-lb for the 


high chrome steels.(6,77) 


see ‘ sate Sat 
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The outstanding feature.of the Class I steels is their 
nardeneability wnen quenched from the austenite range. When 
the medals are fully hardened the ultimate tensile strengths 
are increased to the range of 200,000 to 285,000 psi with 
yield strengths increasing to 75-95 per cent of these figures. 
Brinell hardness now varies from 380 to 620. As mignt be ex- 
pected, impact strength and ductility drop sharply, amd =the 
new Izod range is 45 to 2 ftelb. The highiy hardenable steels 
are seldom used in the fully hardened condition because impact 
resistance and ductility are so low that the metals become 
undependable in service. For tnis reason stress relieving 
treatments are requirec which may reduce the full hard 
properties by 10 per cent.(77) ) 

Because of their comparetively low chrome contents tne 
Class I steeis are less exnensive than tne other stainless 
steels; hovever, this reduced cost is attained at the expense 
of corrosion resistance, These steels do nave an extremely 
feed resistance to nitric acidy though, and consequently are 
tae logical economic choice when this resistance is the domi- 
nant factor. Because of their brittleness in the hardened 
@emaltion their structural apolicetion is quite limited. 
Emmuoermore, the hardened martensitic steels are extremely 
Hoemca Sensitive, so any design embodyang tnoese alloys should 
avoid grooves, notches and bends which might cause undue 


stress concentrations .(77) 
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The Class Ii steels» contain 0.08 to 0.35 wer cent caroen 
and 11.5 to 27.0 per cent chromium. As a class the ferritic 
structure of these steels is so preponderant that martensitic 
hardening does not occure There are moderate exceptions to 
this rule, but the slightly hardenable Class II steols wise 
pe neglected in this diseussions On theswhole thes@iasaae 
elloys offer such poor mechanical properties that only Gee: 
Supscrior corrosion resistance can justify the expense of their 
use, The tensile modulus of these stecls does not vary ap- 
pmeeiobply fmom that of the mild stecls; the ultimate tensite 
strengths inercasc with chrome content from 60,000 psi to 
@®,000 psi. Yield strengths vary from 55,000 to 50,000 psi. 
Brinell hardness ranges from 130 to 185. Because of the 


4. 


dominance of chrome, the Izod impact strongtns of these al- 
loys arc vcry poor, grading from 35 ftelb down to a mininum 

@f one ft-lb for the extremcly high chrome stecly In view 

of these low impact values, widcspread structural use of these 
metals is quite impracticable.(6,77) 

The Class III steels are probably tne most distinctive 
end the most clearly dcfimed of the stainless steclsm MTnege 
motais, containing 0.08-0.25 per cent carbon, 16-25 per cent 
eiromium, 2nd 6=22 per cent nickel arc charactorizcd by tae 
orescence of austenite at normal temperatures. In this class 
fall the familiar 18-8 stainless stccls (18% chrome = 8% 


nickel), and the remaindcr of the alloys in this class are, 





BE 


bo all Lntcmiee ond purposes, Micrel, modi ficalionagyot mune 
18=8's,. From the standpoint of maritimc construction the 
significant austcnitic steels are the 18-8's with molybdenum 
added for grceatcr rcsistancc to tho chloride ion.(77) 

In physical propertics the custenitic stainless stecis 
epc accldcdly ciffcorcnt from the Class Iand Class Ti ste. 
micir specific gravity is 8.0@ Because of their custemiiec 
structurc, tno anncelcd Class ITI steels are non-magnetic; 
however, on cold vorking the resulting structural changes will 
induce ferro-magnetism in direct proportion to the degree of 
werkinge Tne melting tempercture of these alloys is reaquced 
bo approxilnctely 2600°F. The coefficients of thermal expan- 
sion of these metals are approximately one and oneshalf times 
mast Of mild steel; this face®er oan lead to appreciable 
Gimensional instability during welding operations. The sveci-= 
fic heats of the austenitic steels may be as much as 25 per 
eent greater and the thermal conductivities 50 per cent less 
than corresponding properties of structural steel. Further- 
mere, the electrical resistivities of the Class Iil steeis 
ere about 10 per cent greater than that of plain carbon 
steel.(77) 

Tne nechanical properties of the austenitic steels eéi- 
MmebLic auvsurprisine uniformityoanc seen virtually independent 
ee tne constitution of tone alWoy. The moduli of elasticity 


of the annealed steels are essentially that of the mild 
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steels. The ultimate tensile strengths range from 80,000 to 
100,000 psi with yield strengths of 40-50 ver cent of these 

figures. Brinell hardness varies from 140 to 185 while Izod 
impact values are between 70 and 110 ft=-1b.(6,77) 

The effect of cold working on these properties is very 
marked. Elastic moduli are reduced to 22,000,000-25,000,000 
psie Ultimate tensile strengths are dramatically increased 
to 200,000-550,000 psi, and yield strengths increase to 85-90 
per cent of these values, Hardness on the Brinell scale is 
increased to 200-500. Stress relieving of the work hardened 
austenitic steels not only improves the tensile strength, 
yield strength, and proportional limit, but in addition does 
not incur the simultaneous decrease in ductility expected in 
Boner work hardened and stress relieved steels.(6,77) 

In addition to their superior corrosion resistance and 
excellent mechanical properties, the annealed Class III steels 
have very high impact resistance at sub-zero temperatures. 
Purcunermome, tensile and yield strengths increase as the 
temperature decreases, while ductility is little affected. 
The 18-8 steels are also among the best of the heat resisting 
metals, retaining 50 per cent of their strengths uy to about 
1200°F .('7,46,60,77) 

It is quite apoarent thot the austenitic stainless steels 
ofier numerous possibilities for structural application, The 


no vera mes wiece for bullding facitmgs, freamiimg, and trim, and 
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is gaining increased use in "sandwich panel" types of curtain 
wall construction.(45,77) 

fn exterior architectural treatments with stainless steel, 
the lack of maintenance required for the metal, as well as its 
pleasing appearance, should compensate in part for the addi- 
tional cost of the material. However, the discoloring effect 
of sulphurous atmospheres as well as the corrosive tendencies 
of marine atmospheres should be weighed before specifying a 
moolimtess stecl focade. Purthermore, secause of Lbs aia 
mer leetivity, irregularitics in the surfaec of a stalntess 
Pmech pancl cause very noticeable optical distortion marae. = 
onc, CxXitrene care is necessary in mounting stciniessesvc 
sheets and panels to prevent undue warping and bending.(45) 

The newest of the common metals and perhaps the greatest 
competitor of steel in the structural field is aluminum. Al- 
Gaough aluminum is the most common of all metals and is wuhe 
third most abundant clement, not until 1825 was the mctal 
So earetca from the ores Host of the aluminum produccd today 
is refined by dissolving aluminum oxide in molten cryolite 
and rcducing the ore by clectrolysis.(28,57) 

Pure aluminum solidifics at 1220°F into o face-centered 
Subic lattice. The specific gravity of the whetal is 2ay7, and 
menos aluminum alloys this is met appreciably changed. 
Aluminum is extremely soft and weak with a yicld strength of 


avout 7000 psi. However, by the addition of alloying clicmecnts, 
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principally copper, magnesium, and silicon, the wechanical 
characteristics are so improved that by work hardening and 
heat treating ultimate strengths of 100,000 psi may be 
obtained.(6,28,48,61) 

Because the solid solubility of copper or magnesium in 
aluminum decreases markedly with decreasing temperature, there 
is a tendency for these alloying metals to precipitate out at 
the grain boundaries curing equilidvrium cooling. By neating 
the alloy into the range of high solubility and then quench- 
ing, the alloying elements are more uniformly dispersed 
through the aluminum crystals. The alloying agents will still 
mena GO Dreclipitate, even at room temperatures, but ens 
precipitation now occurs within the grains rather than at the 
moundariss, To eaeccelerate this intra=-granular precipitation 
the metal is reheated to a tempercture below the golubility 
range. These types of neat treating are known respectively 
as solution heat treatment and precipitation heat treatment, 
The mecnanical effect of the intra~-granular precipitation is 
to key together the slip planes within the crystal, thus 
iuparting greater resistance to deformation. The ultimate 
results of these phenomena cre greater strength and hardness 
and poorer ductility and workability.(6,48,76) 

Pure aluminum readily forms a protective oxide coating 


which renders the material quite corrosion resistant so long 
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as the coating remains intact. Nonetheless, the metal is ex- 
tremely active in tne electueeeHeuaienneeieeeee series,and 
great care must be taken to prevent electrical contact between 
aLuminum and more noble metals or their salts. Thus it can be 
surmised that the poor corrosion resistance of the aluminun- 
copper alloys to sea water probably results from the large 
electrical potential between these two metals; contrariwise, 
aluminum=-magnesium alloys perform weil in marine environments 
because of the proximity of the two metals in the electro- 
chemical series,(64) 

The wrought alloys of alurinum are numerous and of widely 
varied composition. Two of the alloys whieh are rather typi-= 
cal and have good potentialities for structural use are tne 
7S and 248 groupse 

The 17S alloys are probably the most conmon of the 
structural aluminuma, being available in a wide selection of 
rolled shapes, plates, and sheetse The dominant alloying 
constituent is approximately 4 per cent copper with less than 
one per cent each of manganese and magnesium. In the fully 
annealed condition the ultimate tensile strength of this 
alioy is 26,000 psi with yield at 10,000 psi; Brinell hardness 
is 45. With proper heat treatment the strength of the metal 
is increased to 62,000 psi and the yield point moves up to 
40,000 psi, while hardness is increased to 105. The yield 


strength of the materlal decreases rapidly at tenperatures 
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above 300°F, From a structural viewpoint one of the worst 
fectumes of the 17S abloy dis themsoc: that welding of the heat 
treated metal reduces mechanical strength and corrosion re= 
sistance in the vicinity of the weld, making riveted or bolted 
construction preferable. As might be expected, 17S, being a 
cuprous alloy, has poor resistance to sea water. However, by 
applying a coating of nearly pure aluminum (such metals are 
designated "Alclads"), the alloy is rendered virtually isnune 
to marine corrosione(2,6,49,60) 

One of the most conmon alloys used in aircraft construe= 
meon is 248, usually fabricated in plates or sneets or in 
extruded or drawn shepes such as: bars or wires. This is also 
a cuprous alloy with about 4.5 per cent copper, 15 per cent 
magnesium, and 0.6 per cent manganese. Fully annealed proper- 
ties are: ultimate strength, 27,000 psi; yield strength, 
oY,000 psi; Brinell hardness number, 424 By proper conbina- 
tions of heat treatment and cold work these respective proper= 
ties may be increased to 73,000 psi, 57,000 psi, and 130, 
Moreover, with aluminum clad 248 sheet, the yield strength 
may go as high as 6€,000 psisx As with 178, the yield strengtn 
of 24S drops rapidly as temperature increases above 300° F, The 
welding and corrosion resistant propensities are similar to 
those of 178.(2,49,60) 

In addition to use in building facings and sandwich panel 


curtain walls, aluminum is being used increasingly in heavy 
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construction when reduction of dead load becomes of importance. 
The significance of this dead loac reduction can be illus- 
tratea as follows: the largest aluninum structural shape 
listed in the handbook is a 12@-inch I-beam weighing 18 pounds 
per foot; assuming similar working stresses for both steel 
and aluminum, the ligntest steel member having a cornmensurate 
bending strength would ve a 12WF40 weighing more than twice 
as itch as the aluminum memoer. However, when designing with 
aluminum, the engineer must be particularly wary of excessive 
deflections; because of the low modulus of elasticity of 
aluminum (10,500,000 psi), an aluminum structure will deflect 
almost three times as much as an identical steel structure 
under similar conditions of load.(2,3,28) 

The lightest of the comnion metals is magnesium, with a 
specific gravity of 1.74. Although almost 150 years have 
elapsed since the metal was first isolated, not until Worid 
War II did the production of magnesium attain significant 
maeoportions. The metal is foumd in a variety of ores, »uE 
the most important commercial source of magnesium in the 
United States is the magnesium chloride of suvterranean 
brines in Michigan.(6,28) 

Hae crystal structure. of magmesium vanies trom thogege: 
the steels and aluminums, the atoms being arranged in a hex- 
agonal close=packed lattice. The orientation of slip planes 


vithin the hexagonal lattice is more restricted than in the 
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cubic lattices; as a@ consequence, cold working of Maigncamm: 
and»ebts alloys is difficult because crystal defcrmetzonwe 
directly dependent upon the orientation of slip planes with 
respect to the direction of working. Especially in secure 
of small thickness, the preferential crystal deformation waicn 
may result from rolling in one direction only will cause wide 
variations in the properties within the cold worked netal. 
In practice this problem is overcome by control of heat 
Mmecanment to prevent excessive grain growch and by Wena 
mae direction of rolling to improve the statistical average 
of crystals deformed in the direction of rolling.(14,24) 

liagnesium readily forms a protective oxide coating, and 
in inland atmospheres the metal and its alloys possess good 
Mmeaistonce to corrosion. However, whe metal 18 quive suscep 
mate tO the chlorine ton and hence Ls nor well sutvedur cr 
marine applications. Furthermore, as might be surmised from 
the fact that magnesium is used for sacrificial anodes in 
cathodic protection systems, the metal deteriorates rapidly 
vhen in electrical contact with more noodle metals or their 
feos. For this reason greau care must be taken to insuiage 
magnesium from other dissimilar metals,.( 64) 

Magnesium and its alloys have a tensile modulus of 
elasticity of 5,500,000 psi. Pure magnesium has an annealed 
tensile strength of 27,000 psi and a yield strength of 


we, 00O pei; in the nard rolled gigete oiesc vaiies are 
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increased to 57,000 psi and 27,000 .psi respectivela., fae 
metals most commonly alloyed to magnesium are aluminum, mane 
ganese, and Zine. The wrought magnesium alloys nay atcain 
ultimate strengths as high as 99,000 psi, and yield strengths 
may increase to as much as 40,000 psi.(5,6) 

The wrought alloys may be shaped in a variety of ways. 
Because of difficulties previously discussed, rolling is gen-« 
emally restricted to plates and sheets, and these forms are 
Meuelly rolled twice with successive directions of yvolling 
varying 90 degrees. Most other structural shapes are 
emtcruded or forged. Because of the excellent extrudability 
of the magnesium metals, memoers of very complex cross section 
may be so formed; structural members as deep as 14 inehes have 
been fabricated by extruding.e(4,5,6,28) 

In view of the pyrotechnic propensities of magnesium 
powder and ribbon, misgivings have been expressed as to the 
practicability of welding magnesium. However, the problem 
is simply one of heat conductivity, and most fabricated mag- 
nesium shapes have sufficient mass to conduct heat rapidly 
avay from the weld area without incendiary effects.(14) 

As a material for aircraft construction magnesium has 
obvious advantages; as a consequence, the greater part of the 
United States! magnesium production has Seen utilizea directly 
iy thie aircraft industry or Has been stockpiled for future 


military use. In structural applications magnesium is well 
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suited to those special applications which eall fer fabmica— 
tion of an unusually complex structural section; however wea: 
is quite unlikely that the metal will seriously challenge 
steel or aluninun for general structural use.(6,7,49) 

Toe latest of the "wonder metals" and the current press 
agents' dream is titanium, the new "middle-weignt champion" 
eo che metallurgical worlds The titanium alloys unoues= 
Gonably possess excellent mechanical properties; howevers 
the clagque usually forgets to mention one of the outstanding 
characteristics of tnese metals -~- the price. The current 
peree of titanium sheet is about 17 dollars a pound, andmmecc 
may run as high as 35 dollars a pound.(29,41) 

Actually titanium is not a particularly new discover. 
imespitc of the comparatively great abundanec of tne eClemene 
in the earth's crust, thouga, the metal is widely dispersed, 
ames there arc very few deposits of titanium eres sufficientty 
men to justify commercial exploitation. This, couplcd with 
mae Clificulty of refining the oresm a@ecounts for tne oiea 
post. (28) 

From the freezing point of 3050°R down to 1620°F, the 
atoms of pure titanium are orientcd in a body=centered cubic 
lattice; bclow 1620°F the atomic arrangemcnt is hexagonal 
cGlosc=packed, These shases are respectively designated beta 
ana alpha, The effect of alloying is to lowcr the temperature 


2G wnilen tne beta phase is stable. Titanium alloys may be all 
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alpha, part alpha and part beta, and all beta. In the all 
alpha alloys a‘uminum is the principal alloying constituent; 
tin may be added as a secondary agent. The alpha-veta alloys 
contain various preportions and combinaticns of aluminum, 
chromium. iron, manganese, molybdenum, and vanadium, The all 
beta allcys are similar to the alpha=beta allovs except that 
greater quantities of the alloying elements are added; these 
beta alloys are still in the laboratory stage of development, 
and will not be further elaborated. Furthermore, titanium 
technology is so recently developed that there is as yet no 
industry~wide standardization of the various alloys.(7,29,40) 

From tne preceding discussion of magnesium it should be 
apparent that cold working of the alpnpna alloys presents 
Gifficulties. in tne alpha-bdeta alloys, the workability is 
improved in direct »orovortion to tne amount of beta phase 
present. fioreover, strengthening heat treatments are possible 
with these latter alloys.(29,40,67) 

The titanium alloys and the austenitic stainless steels 
have essentially the same corrosion resistant provertiés with 
one notable exception; the titanium alloys possess excellent 
resistance to the cnioride ion and thus are virtually non- 
corrosive in marine environmnents.(29,71) 

Comnercially pure titanium nas an ultimate tensile 
strength of 56,000 psi, and its yield strength is 20,000 psie 


The alloys have ultimate strengths to 150,000 psi with yield 
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strengths as high as 140,000 psi. The outstanding feature of 
the titanium metals is their strength retention in the teme- 
perature range of 300-700°F, With their relatively low spveci-= 
fic gravities (4.5 as compared to 8.0 for the 18=8 steels) 

the titanium alloys have the most favorable strength to 

weight ratio in this temperature range, and the resultant 
saving of weight has been sufficient to justify the additional 
cost of titanium in aircraft construction, Because of tne 
high skin temperatures of modern high speed aircraft (600°R 

at speed Mach 2 at an altitude of 35,000 feet), titanium is 
now being used for general air frame construction as well as 
for engine nacelles.(7,29,41,42,55,56) 

An evaluation of the structural potentialities of the 
stainless steels and light weight metals would be incomplete 
without some mention of the foreseeable economic futures of 
each of the metals. In comparison to a price of 44¢ per pound 
mor mild steel sheet, the per pound prices of sheet of the 
other inetals are; 18-8 stainless steel, 46s¢; 24ST aluminun, 
444¢; magnesium, 66¢; titanium alloy, $17.(29) 

The annual production of stainless steel and aluminum 
now exceeds 1,000,000 tons each, so it is quite unlikely that 
any immediate price relief is in sight. The cost of stainless 
steel is largely dependent upon the price of chrome which 
seems to be in verpetugl short supplye Even though the alumi- 


num industry is now much more competitive than was the case 
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prior to Vorld War If, amortization of plant expansion costs 
could be expected to offset any reduction of production cost 
which might accrue from increased production rates.(6,7) 

Tne magnesium industry, stimulated by government assist- 
ance and military demands, reached a peak production of 
164,000 tons annually during World Viar lis During the Korean 
hostilities, production again passed the 100,000 ton mark, 
but this tonnage was procuced only by reopening governnent= 
owned plant facilities. At the present time, annual consump- 
tion is not expected to exceed 25,000 tons. Thus little 
reduction in the cost of magnesium alloys can be expected 
unless peacetime consumption increases drastically.(6,7) 

Expansion of the titanium industry is also being as-~ 
sisted considerably by the government. In 1948 the total 
commercial production was 3 tons; by 1957, production is ex- 
pected to reach 35,000 tonse However, by the latter year, 
military requirsasnts for the metals are estimated at approxi- 
mately 100,000 tons, and it is expected that civilian 
requirements could equal that amount. Even though the laws 
of suoply and demand will operate to uphold the price of 
titanium, it is quite possible that the costs may be reduced 
substantially because of reduced production costs.(7,17,29) 

Despite the price picture painted above, a direct con-=- 


parison of per pound prices does not tell the whole story.As 
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has been previously pointed out, there are many intangible 
penefits of the various materials which are difficult to 
evaluate. Furtnermore, in many instances fever pounds of 
material may be needed because of higher strengths and/or 
lower specific gravities than those of the mild steels. 

The revision of conventional building design techniques 
can further reduce the number of pounds of materials required, 
In lieu of tne conventional column, beam, and girder concept, 
it might prove feasible to adopt some of tne features of 
monocoque constructione In structures of this latter type, 
the skin and the frame are one, so the technique readily lends 
itself to materials which are produced in sheet form, By 
development of this type of construction, the designer can 
most economically utilize the best properties of the less 
commonly used structural metals.(50) 


Selected Biblicgraphy for more detailed presentation of 
design information foe materials discussed i1: Cnapter II, 
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CHAPTER IIT 


SIABILIZzyD SCILS FCR BUILDING CONSTRUCTION 


Probably the oldest of structural media is earth -- the 
annals of paleontology cannot establish when the first insect 
piled up grains of sand or when the first reptile covered its 
eggs with mude Significantly, most human cultures have gone 
through stages of extensive utilization of earth structures. 
However, bdecause of its early origins, earth building con-= 
struction is generally considered too primitive for modern 
tastese 

Fortunately, the last nalf century has seen a tremendous 
increase in the scientific and engineering interest in soils. 
By painstaking investigation modern researchers have redis- 
covered and systematized many of the soil data which ancient 
builders had discovered oy instinct and trial and error. Now 
that it is definitely established that the technology of soils 
is very profound, it may become more fashionable to utilize 
this "newly developed" highly complex material in many phases 
Of constructi Oi. 

By no means are the ancient methods of earth construction 
lost arts: the sun-dried brick of the Mediterranean regions; 
tne adobe of the Southwestern United States: the wattle and 
mead Of Ghewbrittan isles; the pise de terre of Francegeine 


sod huts of Scotland, Norway, and our own Great Plains == all 
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are presenteday examples of the retention of time-honored 
techniques. Nonetheless, these earth building types are 
suitable for use only in climates similar to these aneawe. 
they were developede The problem of modern soil science is 
to lend sufficient permanence and stability to earth struc- 
tures so that they may be used under more widely varying 
elimatic conditions, 

In the field of soil mechanics great strides have been 
made in the determination of the properties in situ soils, 
the improvement of foundations, and the systematizing of con- 
struction of earth dams, embankment fills, and the like. 
Concurrently soil scientists have made significant advances 
in stabilizing soils for road traffic courses and subgrades. 
In the hue and cry attending these developments other equally 
important research has been denied widespread reception among 
engineers -- investigation of soil as a material for building 
constructions 

To adapt soils to structural use two basic operations 
are necessary: first the soil must be converted to a form 
mich has the desired strength characteristics and shape 
Mequired for a specific structural use; secondly, the soil 
must be treated to retain these properties despite weather 
and other conditions of use. In actual practice these opera-~ 
tions are often combined, but it is more convenient to discuss 


the rudiments of each separately. 
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The design of a structural soil mix is really quite 
Similar to proportioning a concrete batche The basic element 
of each is a granular skeleton for strength with a suitable 
binder added for cohesion and retention of shape. If the 
binder is entirely nortland cement, the resulting material is 
portland cement concrete; wnen asphalt is used as the binder, 
moheltic comerete resultsm If, on the other hand, the 
binder is made up of colloidal soil material, the resulting 
structure is designated as granular stabilized soil. If part 
of the binder material of a granular stabilized soil is re-= 
placed by portland cement or by bituminous materials, the 
resultant products are respectively known as soil cement and 
bituminous stabilized soils.s(10,34,35,36,52, 73) 

Weis tne case with concrete, the most difficult omoiten 
in the design of stabilized soil mixes is to provide suffi- 
cient binder to fill the voids in the granular skeleton and 
hold the skeleton together. However, if too much binder is 
added, contact between the grains of the skeleton will be 
lost, and the stabilized soil will not have the desired 
strengthe \iater must be added to the mix to activate the 
binder soil and bond it to the granular material. This water 
causes the colloidal material to swell, and this swelling must 
be accurately predicted if the prover filling of the skeletal 


voids is to transpire.(34,35,36) 
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The principal methods of shaping the soil into usable 
structural units are ramning and puddling. In either case 
a form is fabricated to the desired shape, If the soil is 
to be rammed the mix is usually kept quite dry, with only 
sufficient water for an adéquately bonded stabilized soil of 
the desired density. This mix is placed in the forms in rela-~ 
tively thin layers, and each successive layer is rammed or 
tamped to insure proper density. With the puddling process 
excess water is added to produce a mix similar to wet con- 
crete, The mix is then poured into the forms, and as the 
excess moisture evaporates, the mix hardens.(47,52) 

The forming technique used is dependent upon the re- 
quirements of the job. Ramming produces a material of greater 
aensity and strength than does puddling,. Rammed earth also 
shrinks less than does pudcled earth, so more regular dimen~ 
Sions can be inaintained. Finally, the forms may be removed 
immediately after ramming; so to produce a given number of 
units in a reasonably short time, fewer forms are required 
for ramming than for puddling. On the other hand, ranming 
entails considerably more labor and necessitates more rugged 
forms than does puddling; also, when using the former technique, 
much closer control over batching is required.(47,52) 

In structural application stabilized soils may ve formed 
monolithically or may be formed into blocks and then layed 


like more conventional inmasonry. Again the choice of 














. . 
- , oo. = fee a % a " ie 
* Pa foe $ er - » Pr 
. 
F . a1 4 . u 
. . bd 
mk ee wee we . ws 
. =. E - 
ee Ls sus a: te 
E . . ) “w < Cod 
e sot . . 
. Lh bee) 7. 
of e wee ry < . 
‘ . 
‘ . es . ie z s stot a 
~ ’ re 2 « ez 
es 
. ‘ 5 
5 . 7 . - : _- . 
‘ cl oS ‘ ; ae 
= a oF, ° ama ~ cd bel ae ae 
7 
- 5 
. - ag a’ - one iets 
«€ a eee ‘ 
. we ** « ee + me uh a? « ry dots ' 
n . Rw ios . - x 
v fe cia ean as i | aS 
—_s . om e = « . . tee me tw bgt 
« 
* . 
=~ e+ eo a . me ¢ 
a af . . . 
1%. ea cee Ge = ss - ie) te @ ‘a: 
“1 : 
.- ’ , 
. ae . 3 oe . - 
Rg ‘ ’ 
otf . . . + 5 oo. u Y re. &e we © 
- to aed - . en 
. . 
» oo 1h Meee a . - . . . 
* 
. - ~ 
. - ' . - 
q é . Rduh < ‘ 
- ee * 1a .. - ae ° e * i. 
; ae soeeioun 5 tte A 0 
aw’ - “us . ‘ ” wee oar 
re 7 - . . ee ‘ 
‘ ~@ ' « 
os as, soe: Gath - =u = 
ce ae 
' = * 
. + . . 
ad A , 
Soren << ae ? etree . 
An 
. c 8 me me . 
. - 2 ry oa ct] 
. area eais eaears ‘ . 
° . = Gg o-e ‘pent il . . . ied 
t belle « ce " 
eG (0s, Ce pri e A . ae ey 
a . 
. 
e ry “) a A = ; a a aa) 
‘ < 1 
. «one _ * Coe . - * 
. 
uJ ot 
bs = ‘ « - . a 
’ Fuse . ‘ Fe . 
whive we NS ‘ ~* . - , . 
* 
. 
Bice Lae ay ©. “ Shr a . 
: er fer tied ‘ + 
* ° . 
Z a Boers . M 
= . wep ; . 


i] . + 
sw 6? ew ee 8 et ry ~~ * oa a . “ee 


Ter 

















‘2 + - - * 
. ; ae yal ioe ioe ° 7 
. cm es te o @a Nw eots — « 
- ‘ . . 
Oh >, Chas rie Ved 
a Simoes - ’ ‘6 ow 
. - 
- . ee = Ce eh eer | . o, 
. . . . 1. - 
- hee beat vr: "em * es 
. 
* 
. tem, 855 ae . ‘ 
« Vd . . 
. ~ tome ole he A oe Gu 
cs . 
, . betes, > +5 ener Y 
‘ee oe = 8 #. 2 eo «+ & Bee’ 
. 
ra : 
* a &, 
o hw . e Ne eS 
ae im ay aiggnd | * S Blas . . 6 
ie epee Lies “a "2% ee oy 8 
aan 
- . 
} . ere . es 
Laat « Ge ow + ‘ast ~-: 
. by . ot re r 
oe . -~ # ste te racer u 
= 
. 
. . . - +e 
. . Fl ‘< iar a Ae) 
, - 1 . o- ~ we te . - 
° 
ne . . 
: . ‘ 
: 3 : so? as 
ae ae ‘ ei Se .6é Fy ont 
c ee ey te * et Fe 
oe tee - = Le eee OT Wey ih 
Pa . 
eo. . ral . . ‘ « 
. . P 
oP - » - ” ~ tame we 
. 
« 
sy . + © of wy ge = 
¥ - . be 
3 . a See 
es + . vy. = oe. 2 Le 7 wv 
” 
. Lar) ¢ ~' ee 27% ae is 
° . on . . ora 
. s ‘ 
a te . ‘ “uw the - 
. ve . ea? 
‘ é oo . a) Les = ° as 
* 
ne Ai OC at 
ade Sel 
vr - — ” id ww 4 ote 
- 
ee rs ‘ . . “ 
ry Oo de Tel a? . oo 
t 
. ad shy ies S a . F 
. ~ . rec 


Ste) 


construction technique depends upon the exigencies of the 
Situation, but a strong point in favor of using blocks is the 
fact that curing snrinkage of the blocks may occur before the 
wall is layed up; thus there is less likelinood of shrinkage 
cracking in a block wall than in a monolithic wall.(47) 

The structural use of granular stabilized soils alone 
is generally confined to regions of arid climate. If any 
exposure to weathering conditions is contemplated, steps 
must be taken to weatherproof this material, The ancient 
builders of the Near East accomplished this by coating the 
earth walls with a protective stucco coating or by using 
bituminous waterproofing coatings and bituminous oinders,.(28) 

Through the ensuing centuries bituminous stabilization 
techniques have belatedly reachea a high state of developmente 
Soil cement technology is also now well advanced, These two 
stabilization techniques are now being applied to earth 
building construction, and such terms as "bitudobe," 
"cemadobe," and "terracrete" are becoming familiar in the 
literature of the art. 

In the proper environment the durability of eartn 
structures is amazing, as the prehistoric pueblos of the 
Southwest will attest. A comparatively modern testimonial 
to the ruggedness of ramned earth construction and the 
weatherproofing effectiveness of a stucco coating is a 


church on the Hill Crest Plantation, Sumter,South Carolinae 
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This building, an ante bellum relic of the "Old South," is 
105 feet long, 27 feet wide, and the end walls rise 45 feet 
to the roof finials. The church has withstood several aueri— 
canes, a tornado, and an earthquake.(47) 

The foregoing comments serve to indicate that stabilized 
soils can be reliable materiais of construction. However, 
any discussion of the physical and mechanical properties of 
these materials must be of an extremely vague and general 
nature, for there are so many variables in their manufacture. 

Depending on the soils and stabilizers used, and the 
G@eeree of compaction of the mediumm, the density of stapriized 
soils may vary in the general range of 90 to 150 pounds per 
cubic foot. The thermal conductivities of the more dense 
rammed soils are similar to those of the more conventional 
masonry materials, while the lighter puddled soils may have 
insulating values as much as fifty per cent greater than 
those of the more dense media,.(16,37,47) 

A wide range of strengths is also possible. The plain 
granular stabilized soils may have compressive strengths of 
less than 100 psi, while the high cement content soil-cements 
may have strengths of 1000 psi and up. The materials are 
notoriously weak in tension, and any design utilizing 
stabilized soils should anticipate compressive stresses 


only.(16,37) 
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Very little is known of the elastic proverties of the 
stabpllized soils, although studies in Germany have indicated 
that the compressive moduli of elasticity ef soil cements 
vary directly with the cement contents and range from about 
900,000 psi to 2,000,000 psi. From a general structural 
design standvoint, tnese data are of little eonsequence, but 
the information would be very helpful in eomputing the energy 
absorbing potentialities of an earth structure whicn might 
be located in an area of seismic disturbance or which might 
be subjected to explosive shocks or bombardment.(54) 

In tests of fire resistance, earth walls have withstocd 
flame and temperatures of 1600°F witheut appreciable damage.(37) 

The greatest foes of stabilized soils are moisture, and 
freezing and tnawinge. The primary purpose of adding cement, 
asphalt, and resins to the soil is to increase the resistance 
io Eaese destructive forces. Tne strength of the mixturegig 
usually a secondary consideration, for the total structural 
strength desired is usually attained by using a cross section 
considerably greater than would be contemplated with a more 
conventional masonry material, Normally the total cost of 
the soil used is a relatively minor consideration compared to 
the cost of the stabilizing additives, so the problem in de-~ 
signing the soil mix is to use as little additive as possible 
ana still keep the dimension of the cross section within 


manageable limits. The usual minimum thickness for a soil 
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wall is about a foot, but if the wall is to be quite haghworeis 
to support a floor, the thiekness may de as much as three 
iece(e7547, 75075) 

Tne weight of the wall itself constitutes a considerable 
portion of the load on an earth wall; consequently, the prac- 
tical limit on the height of an earth building is one story. 
if a second floor is desired, it is usually recommended that 
the superstructure for the second story be of frame construc= 
tion. Nonetneless, two=- and three-story buildings have been 
built with earth walls right up to the eaves.(47) 

From the restrictions on buliding heights it is apparent 
Maat stabilized soil construction is most suitable for these 
Mocalities in which land utilization is no particular problem, 
On the other hand, ‘SXecause of the relatively low cost of the 
material, large living space may De enclosed inside earthen 
walls at very little exvense,(47) 

Perhaps tne greatest impetus to earth construction has 
been given in those underdeveloped areas where soil, space, 
and unskilled labor are plentiful and where the cost of more 
"civilized" types of construction would not be justifiede 
However, it is interesting to speculate on more urbane uses 
of the material. As has been previously stated, the struc- 
turel use of soils makes possible the inexpensive enclosure 
ee oloow rooms thus’ space for gracious living may be 


puxchased at "erackerbox" prices.(37,47) 
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The wee of carth structures for military advanced base 
construction certainly merits consideratione From a logistics 
standpoint it seems more feasible to transport a few tons of 
soil stabilizers than to occupy many bottoms with other 
building materials, And in an era when a bomb shelter in 
emery cack yard may become a reality, the use of soils )gon 
fails purpese should be well exploited to prevent severe 
demands on the more conmuon materials of construction, which, 
ma times of cmergency, are usually in short supply. 

An interesting recent development in the field of mari-~ 
time construction has becn the use of sand asphalt for the 
construction of beach groins. Although the material does not 
mpeoperiy fall within the purview of stabilized soils, tne 
melatLonship is considercd close enougn to justify a 
Giscussion at this juncture.(9,11) 

mpssentially a groin is a structure built at an angle 
to the shore line for the purpose of trapping sand which is 
G@erried in tne littoral shore eurrents, thus building up the 
Mmesed, The location and spacing of groins is 2. rather complex 
procedure and will not here be exposed, However, suffice it 
to remark thet unless expensive mocel studies are made, such 
location is a rather inexact scicnec, and oftentimes, the 
mesitoned location may prove to be improper after the groin 


has been constructed,(22) 
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The mostwusual maverdal ror permanent groin construction 
in this country is rubble masonry. Unless a quarry is located 
near the construction site, the material may become inordi- 
nately expensive. The placing of the stone to insure prover 
interlock and minimum permeability is also strenuous.(22) 

Therefore, any development which could utilize beach 
sands for such construction seems to offer appreciable economy. 
Furthermore, the low cost of sand asphait groins makes possi-= 
ble the erection of test groins at various orientations 
without great expense. 

The actual groin cross section varies to suit the needs, 
but the design should be aimed at preventing underscour of 
eee structure, and the groin should 3e carried far enough 
inland to prevent the possibility of a washout at tne 
inboard end.(Q9) 

Test installations of sand asphalt groins have been 
constructed at i:rightsville, North Carolina, and Ocean City, 
Maryland. The waterial used for the constructions consisted 
of beach sand and 6-12 wer cent asphalt, the higher asphalt 
contents being at the outer ends of the structures. With 
Sne high asonalt ccntents, the material would have a ratner 
rubvery consistency, and hence the structures would tend to 
deflect and flow rather than to rupture uncer wave forces. 

In tne event of severe storms, it is quite probable that the 


etructures would fail, for the material possesses no great 
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strength. However, repairs to groins of this sort would be 
quite simole, requiring only the dumping of more of the 
mixture in the damaged area.(9,27) 

The test installations have not been in use long enough 
to obtain any reliable service data; in all likelihood, tne 
asphaltic structures will prove considerably less durable 
than those of stonee On the other hand, groins soiietines 
perform their jods very rapidly; likewise, the capricious 
Eurrents seem to go through alternate cycles of scour and 
devositicon, so there is never any guarantee that the groins 
need be permanent. In any event, construction and replace~ 
Ment costs of sand asphalt groins are small compared to Gace 
first cost of masonry groins, so the experiments with the 
former material may well prove to be the key to inexpensive 


snoreline preservation, 
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CHAPTER IV 
STRUCTURAL PLASTICS 


the newest group of materials to make their imoress upon 
the field of building construction are the structural olastics.,. 
Because of the exigencies of World Nar II, tne childhood and 
adolescence cf the:plesties industry were somewhat truncated, 
ana the technology of the materials is now in sn advanced, but 
fet. Drogressive suate of develonoment. 

Perhaps the most confusing charecteristic of these mater-— 
jals is their name, for the engineering mind tends to confuse 
Molastic" witn “slacticity." Actually, the former term meens 
that the materieis are canvabdle of being molded; in an engin- 
eering sense, some of the reinforcec plectics ere commoletely 
elastic to the peint of failure. 

the verieties of plastic materials ere almost as numerous 
as tne uses to which tney are out. however, at the present 
stage of Gevelooment, the plastics which seem most precticable 
for structural use are the fibergiass reinforced vlastics, 
hereafter referred to as FHP. Tkese materials, like reinforced 
concrete, ere non-isotronvic, two phase substances consisting 
of fiberglass reinforcement whnicn furnishes most of the.btrength 


P=] 


or tne meserial and a piestic which binds the fibers together 
pee piv<3 the material sufficient rigidity for retention of 


Beeoc, ($2,66) 
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Several different compositions of glass may be drawn 
into fibrous form, but the fibers most desirable for high 
strength structural laminates are those of tyve "5" glass, 

a relatively soda-free lime-alumina—-borosilicste solution 

wits a specific gravity of 2.55 in the fibrous form, Fila- 
ments of less than one-thousandth of an inch in diameter 

drawn from this glass attain tensile strengtns of aporoximetely 
90,000 osi. Probably the only metallic filament whicn can 
better this »verformence is finely drawn tungsten which can 
resist stresses as great as 590,000 osi, (53,63) 

Glass finers are perfectly elastic to ruoture with a 
modulus of elasticity =f 106,500,000 »vsi, and the material 
exhiocits no measurabie crees at room temperatures. The 
static fatigue strength of fiberglass is s\nroximately 50 
per cent of the ultimate strength, while the encurance limit 
is about 25 ver cent of tne ultimate, (63,70) 

Rovings and continuous filament yarns are the forms of 
fiberglass most useu for parallel reinforcing in ro¢s and 
Ssimilier FRP sections. in lanuinated sheets, nowever, mets 
end woven fabrics ere generally utilized, rebsrics have merked 
Berectione] strength characteristics denenaing uvon the 
orientation of the fibers in the weave; if the woof and the 
werp are equally neavy, maximum strengths are cbserved in 
tne directions of tne strends, with lesser strengths in 
intermeciate directions. Fabrics with a heevy werp and a 
light woof are orincivoally usec for unidirectional rein- 


forcement, (63) 
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On the other hand, mats are formed of short pieces ot 
strands which are randomly oriented. Thus mats possess..com— 
paratively uniform properties in ali directions in the plane 
of the fabric,although the maximum strength is less than 
that of a woven fabric with the same glass content. However, 
meat is epvoreciably less expensive than woven fabric, (62,63) 

Glass fibers have a greet surface affinity for water, 
snd ere invariably coated with a thin water film. to over- 
come this tendency and to insure maximum resin-to-glass 
adhesion, svecicel finishes are applied to fabrics used in 
high strength leminates, (62,53) 

Basically. tre fhacties utilized in FRF may be categor- 
ized as thermosctting ov vhermoplastic, In the raw state, 
thermosetting plastics are of a fluid nature; after the edd- 
ition of heet for a prescribeca curing veriod, these plastics 
are transformed into their rigid forms. Following curing, 
subsequent adaition of heat will not cnuss the materials to 
revert to the plastic state. Tne»thermosetting plastics are 
predominantly resins and mong them are the polyesters, evoxys, 
phenolics, melamines, and silicones, (25,62,63) 

Thermoplastics ere those which-mjormally are rigid in 
form snd become plastic upon the addition of hest., From a 
structureal viewpoint the chief drawback of these materials 
is the fact thot tnsy become olastic whenever heat is applied. 
The predominant compounds in this plastics category sre the 


molystyrenes and the polyvinyl chlorides, (25, 62,63) 
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Although any of the thermosetting plastics may be used 
satisfactorily in the manufacture of structural laminates, 
the most highly developed and most widely used of these resins 
are the polyesters. Proverties of a tyoical polyester resin 
are as follows: specific gravity, 1.22; tensile strength, 
7500 psi; compressive strength, 22,000 psi; modulus of 
Bieecticity, 550,000 psi.(S2;63,72) 

“olyester resins and fiberglass—polyester lamin-tes 
poss¢ss good resistance to sea water and to most harboz con- 
teminants, In adtition, tnese laminates are essentially 
proof sgninst inveine borers. After four years' exposure, 
Meld attack by wriine funel was noted on test snecimens, but 
the attack did nur! Sige Eo Tiel ipmeaneeeines’ 410 c emcee 
test data ere av-iloble to evaluate the structural effect 
@e fungsl attack. (19,25, 26, 59) 

Soler radiation has - deleterious effect on polyester 
laminates,and the resins sre also flammsnie. thougn slow 
purning. Researches are in progress to m@ke the materials 
less photo—suscenvtidle and to render the resins self-extin-—- 
pueening if not flemeproof. (33,62) 

it would seem thet computing the provsrties of a resin- 
fmecrelass Leminzi2 would merely be a probicm of determining 
the relative amourts of each material. in the cross section 
and then analysing ty reans of the transformed section, 


Mmemever, because the fibers in the mat or 1s~ric are not 
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uniformly stressed, the ultimate strengths are considerably 
less than woulc be exvected. Therefore, it is first necessary 
to obtain strength data for the particular gl*sess fabric used; 
then -“enalysis may proceed as outlined above. (63) 

Proverties of FRP laminates are also affected by the 
method of fabrication. The simvlest process is the contact 
or no~oressure metnod. In this system of manufecture a single 
mold, eitner male or female,is used, The glass reinforcing 
memene ned to the mold, the fluid resin is anolied by hand, 
and the erticle is cured in the mold, By this method of 
fabrication, laminates with relatively voor physical vorover- 
ties are formed, for excess amounts of resin are neeced to 
insure thet the reinforcenent is adequately imoregnated, 
Nevertheless, because of tte comearatively lo~ cost of this 
method of manufacture, ore—orocuction orctotynes are usually 
constructed in this manner, (62,3) 

Another inexpensive method of »orototyove orcoduction is 
the vecuum or oressure intrusion system. With this process 
matchec molds are aade with a predetermined clesrance between 
erent, After the reinforcing is placed, the resin is introduced 
into the mold either by drawing a vscuum in the mold cavity 
Eee oy torcing tne fluid resin into the mold under woressure. 
The resulting laminates have proverties only sligntly better 
then those obtained by contact molding, (62,63) 

For vroduction rune, nsarticulearly if large items are 


to be fabricated, or if the molded product contains complex 
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reverse curves, the vacuum or pressure bag vrocesses are 
adopted, With these metnods only ©« single mold is utilized; 
a flexible membrane is then tailored to conform to the shapes 
of the mold. After the glass and resin are leyed up on the 
mela, the membrane is forcea tightly over the mold, cilther 
py Grawing a vacuum from within or by snplying voressure from 
without. (62,63) 

For quentity manufacture ef: closely controlled precacts, 
matched dies sre used, After the vlastic and reinforccnent 


ere introduced into one of the dies, tne two varts ere forced 


ct 


ogether to a controlled closrance by a oredetermined vrossure. 


By this method high gquality laminates with uniform vroverties 


CJ 


rezsonably insured, (2,63) 


Ab) 


ii 
the fabrication orocess used, and thus the quality of 
Product which may result, is largely dependent uson the number 
of items to be produccd, Logically, exoensive dics cannot be 
justified for test prototypes, Conseauently, these vrototynes 
ere usurlly assembled by one of the pvrocesses which vroduces 
roletively nocr laminstes. Tnis should be taken into account 

wnen eveluating test assemblies lest the vroduct be judged 
too hershl y+." 

From the foregoing discussion it is anosrent that 
laminstes may be designed to give almost sny desired ocr- 
formance, Tyoical vrovertics of a ma® reinforced polyester 


conterining 48 oersvent glass sand laminated at 25 nsi sre: 
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tensile and compressive strengths, 20,000 nsi; modulus of 
elasticaty, 1,200,000 pei; seereil ie Sravity, Lage. Wer 
perallel strand reinforcing and higher glass contents, 
tensile strengths greater tnan 100,000 osi may be obtained, 
(31,72) 

As temnerature decreases, the strength of FRP increases 
without accommoanying embrittlement, The ordinary glass-pcoly- 
ester laminates retain their strengths uo to about 250°F, 
but soecial resins nave been develoned for service at temn-— 
eratures uv To 550°F, Jith a density close to that of mag- 
nesium, FRP already has limited avvlications in aircreft 
construction; the develooment of temoerature resistant lam— 
inetes may make the material a rival ¢fetitanium for use in 
airframes of suversonic airersft. (16, 44,63) 

FRP leminetes are oriced in the range of 50¢ to $1.00 
oer vound, depending unon the amount and tyne cof gless rein- 
forcing and tne quality of resins and finisnes used, However, 
fabrication costs are usually low comorrec to vrocessing 
costs for other materials, and if comolex sections ere to be 
formed, it m>y in the end be chesvner to use plastics because 
of the reduced lnbor costs. (63) 

In structural applicstions, use of FRP laminates is 
somewnst restricted by the fact that there ere few suitrble 
metneds of jcining »nlastic secticns; bolting is the most 
depend=ble vractice, sithough research is in progress for 
the develooment of trustworthy resincus cements. Nontneless, 


the leiminstes are being used for fuel and chemicsl storags 
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tanks of aoprecisble capacity. The incresse in the orcducticn 
of plastic bosts attests to the serviceability of the m=ter—- 
{ol in merine environments. ( 30,58,72) 

Because color mney ce molded into resins, FRP ig gaining 
pooularity fcr decorative architectural uses, snd the matemind 
is availoble in » variety of corrugsted snd sandwich tyne 
building panels. Furthermcre, laminates msy be mede transaducent 
or trensorrent if desired, and skylights snd monitor windows 
sre among the new -oplicstions of the meterial. (45) 

Ten yeors ago nlastics were generally regserded 7s sud— 
Suitute materirls to be tolerated until wertime shortoges 
Se. thie more usuel materisls were overcome, However, by cen— 
tinuing research sand development, the plastics industry has 
@rested a definite niche for ite products, and the full 
potentinlities of FRP s . structural medium hve yet to 


Ber reflized, 
se 
“Reccmacnded «Supplementory Reading 
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CHAPTER V 
DESIGN OF A LIGRTWEIGHT PONTCON STRUCTURE 


One of the Seabees!’ most versatile structural elements 
is the Navy Lightered (N.L.) vontoon. Much of the cargo landed 
at beachheads in support of military overations has been 
transocrteda asnore over floating causeways constructed of 
N.L. pontoons, Self-vropelled barges, floating olers, crane 
parges, and floating drydocks sre among other structures which 
may be fabricated from pontocn assemblies, Strings of pontoons 
have been used as Simply suovorted bridge spans, although 
such service is not recommended practice, (21) 

Basically the N.L. pontoon is a 5' x 5' x 7' steel 
box; the skin of the box is 3/16" milc steel plate, and the 
structure is hesvily braced internally with l¢e-inch junior 
beams solit into T-sections, The individual »ontoons, weighing 
2000 pounds each, are assemoled into longitudinal strings 
b37 means of four heavy continuous angles which are rigidl 
colted to the corners of the pontoons, If a structural width 
of more than 7% feet is desired, two or more strings can be 
joined sice by side, (21) 

Deck loads are imposed directly uoon the »cntoons, and 
these elements transmit the loads to the angles and resist 


all horizontal sneering Torces, The angles resist tensile and 
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compressive bending stresses of the structure as a whole, 
and must resist vertical shears as well, A 55-foot »oontoon 
string simvly supocrtedat the ends has successfully carried 
a concentrated static load of 60 tons at the center of the 
span. (21) 

Because N.L. pontoons are of all steel construction, 
various fittings and avpurtenances may be welded at almost any 
location on tne structure; this further adds to the ver- 


satility of these floating erector sets. Mcreover, the vnon- 


toons are designed with connections for flooding and pumping 
in case a submersible structure is desired. (21) 

Despite the many virtues of N.L. vontocns, the units have 
several drawbacks. In the first olece, the individual vontoons 
are heavy, and lifting tackle is necessary for handling and 
assembly. In adcition,.wnen-the units are shipped, one vontoon 
oecuvies about 4 measurement tons of cargo svnace, A further 
shortcoming is the mild steel skin which detoriorates rapidly 
unless the structures are constantly maintained; as a con- 
sequence, the service life of pvontcon’astembliee is usually 
very short. 

In view of the foregoing, it seems practicable tc invest— 
igate the octentialities of some of the newer structural 
materials Tor use in pontcon structures, - 

Before proceeding with any design comoutaticns, it is 


first necessary to establish the criteria which the finished 
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assembly should satisfy. Because the design of special 
ourovose barges and submersible structures requires exten- 
sive detailed study, thé*basic design herein considered will 
be ccnfined to oontoons and decking for causeways and landing 
stages, 

in order to kee» the pontoon free of excessive interne 
brecing, the total buoyancy of the submerged pontoon will 
be limited to about one ton, The deck system will be designed 
to sunonort a hy»othetical 4-wheeled vehicle with one ton 
wheel loads et a tire pressure of 50 vsi. The pontoons will 
be cesigned to transmit buoyant forces only, All loading 
moments and shears will be resisted by the deck system, 

Prom the criteria imoogsed, FRY scems a logical chemce 
of material for the »nontoons, for e structurally efficient 
shave can be easily fabricatea from this meterial. Spherical 
pontoons would seem to require the least material for 4 given 
Gisovlscement, but soecial spherical bearing seats would be 
necessary to vrevent nigh ccntact oressures between pontoon 
and deck, a cylindrical shape is also economicsl in use of 
meterial, and the flat, circular ends would orevide gcod bearing 
between the deck and the float, however, a certein amcunt of 
Greit or taper is necessary on the sides of molded laminates 
to facilitate removal of the molded part from the dies. More- 
Over, if a conical section is used, the individual pontoons 


Meuic nest into each other, reducing space required for storage. 
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From the foregoing ccnsideraticns is evolvod the concent 
of a pontoon madesup.of two identical truncated cones resem- 
bling peacn baskets, which would have, in place of the basket 
rim, a flange. The two halves would then be connected at the 
flanges by a bolted joint made water tignt by a gasket. When 
the pontoons were not in use, the nelves could be nested and 
stacked. 

The deck would be of sandwich panel construction with 
a honeycomb core for lightness, On the under side of the 
panels would be projecting lugs erranged in circular patterns 
to position the vontoons with respect to the decking, although 
no nositive connection between pontoon and deck woulda exist. 
To prevent tne floats from bobbing out of position, another, 
lighter panel section with vositioning lugs on its upper sur- 
face would be located underneath the pontoons and would be 
connected to the decking by struts equal in length to the 
depth of the pontoons. The struts would not be caiculatea to 
trensmit loading stresses to the bottom panel but would be 
rigid enough to resist the shock of beaching the causeway 
and to prevent damsge to the structure during launching, 

The pontoon will be designea to resist stresses due to 
Cm@eyent uplitt or due to submergence to 10 feet, whichever 
are greater. In the ensuing calculations, the density of sea 
weter,"y, will be assumed to be 65 1b/cuft, and the Poisson's 


ratlo, M, will be assumed as .@o, 
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Use a trial section (helf of assembled pontoon) with 
radii of 18" and 21" and a heignt of 24"; then: 


Volume of nontoon 


2D 
V = 21h(R +Rr+r’) 
3 


Seay! S24 t5 764842 ) = Go. Tener 
ae) 7. 
Buoyancy et supmergence 


H 


P=Vy =8e2o Geer — 2ico 1b 


Buoyent nressure 


p = PTR’ = 2160 = 2.12 psi 
S24TT 
Pressure at ~10O Treet 





p= 10( 65 ) = 4.5 psi -- use this pressure. 
iti tae Pe of the section is assumed to be 
a circular plate with fixed edges, tnen: 
Maximum moment at edge 
MR = -pR’ = —Aieoos) = =Lesetn > /in (ess 
Moment at — ; 
iM = lsa(pR’) = (1.0+0.5)4.5(324) = 138 in-lb/in (65) 
If the eatin is mia to be e circular plate 
Simply supported at the edges: 
Mo = Stu(pR’) = 3.5(4.5)324 = 390 in-lb/in (65) 
Actually my edge ow is intermeciate between 
Pixity and freedom, and the assumed p is probably a little 
high; so the maximum design moment will erbitrarily be 


taken as 300 in-lb/in. 
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Draft of the side walls is so slight that laterel 
pressures will be assuned to create compressive stresses 
on vertical sections only. It will further be consicered 
thet the vlanar surfeces do not resist lateral pressures, 

Maximum coapressive force 

C=) oie” Se ns iy a 

Vertical a tend to cause buckling of the side 
Walls. No data are available on the buckling of plastic 
Ccylincers so the wails will be analysed as a 24" plate 
loaded in the plane of the vlate. 

ifaximum buckling force 

P= TTR’p = 324(4.5) = 40.5 1b/in 
2 rR See 

this force is equivalent to a force of 162 1b / ieee 
the unsupported length is reduced to 12". However, it is 
assumed that the walls have total fixity at the flange, so 
the value of buckling force to be considered is 81 Lb/in 
for an unsupported lenztn or 12". 

After consulting the Heyser charts for mat reinforced 
lemninates, it is noted that the maxiaum requirement is that 
tor bending. Thus the laminete selected is a met reinforced 
nolyester resin one quarter of an inch thick containing 50 
per cent by Weight of glass. The meterial weighs 2.1 pounds 
per square foot, and is nriced at 31.10 per square foot 
(52--2./2 cents per pound).(63) The surface area of tne pon- 


tcon 1s approximately 57 square feet, so the weight or the 
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plastic portions is 120 pounds. The material cost would be 
362.50, end with a liberal allowence for the cust-of bolts, 
gasket, and molcing, the entire pontoon snould not cost 
more than $75 if vroduced in quantity. 

The design of the decking presents a slightly different 
problem of analysis. The core of a sandwich panel is not 
considered to resist bending, but by horizontal shear transmits 
bending strains between the fecings. The core also resists 
compressive forces and vertical shear. 

Quite a number of materials may be used for the facings 
end the cores of the panels. However, to be consistent with 
tne concent of light weight, corrosion resisting construction, 
FRP facings and an aluminum honeycomb core will be utilized. 

For a trial section, the facings will be the sane quar- 
ter-inch laminate used in the pontoons, and the 35-inch core 
Will be an aluminua honeycomb with 95 per cent voids in the 
celluler structure. 

The most conservative analysis of the bending strength 
or tne decking would be to consider a 1--fo0ot strip subjected 
to unidirectional bending. 


‘oment of inertia of the section 
ey) 


I = btp( t-te) b = width of section (635) 
er bie) 
2 t = total thickness of panel 
tr= thickness of facing (two faces) 


2) 
12(0.5)(3.5-0.5)"” = 27 in® 
S 
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The maximum allowable stress in the laminate is 20,000 
psi. Thus the meximum mozent which may be resisted is: 


Mo = £1 =0s00C 2) — sen cement ae 
y vs 


12, 9anestoni ia 
Tnhis is tentamount to carrying a 5.1 ton concentrated load 
ét tne center of a 10 foot span. 

If the alloweble tensile and compressive stresses in 
the aluminum ere 20,000 psi, tne bearing strength of tne 
mors 1s: 

C = 6.08(20,000) = 1000 psi 

Considering en allowable sneer stress of 12,000 psi 
in the core, the resistance to vertical shear in a l-foot 
Cross section is: 

¥ = 0,05(35)12(12,000) = 2imceG is tt 
Maximum permissible norizontel shear stress 
H = 0.05(12,000) = 600 psi 

From the foregoing computations it 1s quite apparent 
tnat the selected deck section appreciatly excs2ag the ori- 
Gina! design criteria. However, the excess sirensth serves 
eeveore | useful runctions which would be difficult to consider 
precisely in the design. In the rirst place, impact stresses 
ere always uncertéin, end reinforced plastics do not possess 
the ability of more ductile materials to ebsorb large quan— 
tities of energy by plastic deformation; they either deform 


clas*1cally or rupbfure. Therefore, «# little extra strength 
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in the decking mekes the structure more resistant to rough 
treatment. Secondly, the extré strength means extre stiffness 
and consecuent distribution of loads over a Wider area. Prac— 
tically speeking, tnis immlies that more pontoons will be 
utilized to carry any given load; consecuently, cGepth of 
immersion under the loac will be less then would normally 

be anticipated, and the deck level will not fluctuate too 
markedly as moving loeds treverse the causeway. 

The decking thus designed would have a weight or about 
6.5 nounds ner souere foot, and when fabricated would probably 
cost in the neighbornood of 36.00 per squere foot. 

the bottom naneling and. its connecting struts will not 
be considered in this discussion; nor will such deteils as 
flenge bolts end gaskets, connections for adjacent deck 
sections, and deck fittings be treated herein. These items 
¥ould best be resolved by service testing cf prototyves. 

f. convenient arrangement of the elements as jissisned 
mOurd be to heve 8! x 8' deck paneis svpportel ty four 
Men100Nns arranged in & rectengle on <--Tcs. csnters. wikgA 
suen & unit,each component could be harialea by two ten. 
Purtnermore, there would be no probiem of orienting adjacent 
units,end the dimensions of the entire structure could 
eS clly be extended in any direction. 

“he individual &'x 8! units would heave a capacity of 


“09.t four tons and would probebly cost about 9800. A stendard 





One, 


N.L. pontoon section of compereble deck spece would weigh 

4 times «s ‘auch but would probably cost only half es much 
and would have twice the capacity. However,the fectors of 
portability, durability, reduction of maintenince, snd ease 
of éssembly offset the price'‘disparity somewhet. From a 
Stendpoint of logistics, the advantege definitely goes to 
the lightweight assembly, for the components could be trans— 
ported to the scene-or operetions conveniently stored in 
the knocked down state; the causeways could then be easily 
assembled aboerd the trensporting vessel without the need 
of special weight handling anc welding equipment. 

In any event, the cost of constructing a prototype 
assembly (nrobebly 4-5 times the cost of the production 
model) could be justified by the lessons which could be 
learned from the performence and haiidling characteristics 
or modular Lightweight units even if the design concept 


proved imnrecticeble for service use, 
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APPENDIX A 


THE GALVANIC SERIZS FOR COMMERCIAL METALS 
IN StA WATER* 


Anodic end 


Magnesium and its alloys 

Zine and zinc—coated parts 
Aluminum and aluminum alloys 
Mild steel 

Wrought steel 

Cast iron 

Stainless steel (18-8) (active) 
Lead 

in 

Muntz metal 

Nickel (active) 

Admiralty brass 

Cooper 

Nickel (passive) 

Titanium and its alloys 

Silver 

Steinless steel (18-8) (vassive) 


Cathodic end 


* Adanted from LaQue(64) and Williams(71) 


If two of the metals Listed above are in electrical 
oecact in sea water, the material higher on the list will 
SBerrode. Kote tnat at the two extremes of the series are 
the highly anodic magnesium and aluminum alloys and the 


very inert titanium elloys anc passivetec stainless steels, 
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APPENDIX B 
PROPERTIES OF STRUCTURAL METALS 
Ficure B-1, Elastic Properties of Alloys 
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Comparative Strengths for Squal “eights of Various 
Alloys at Elevated Temperatures (after Kostoch - ZA) 
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APPENDIX C 


PROPERTIES CF STRUCTURAL SOILS 


Figure C-1. =ffect of Addition of Stabilizers on Strength 
of Rammed Eerth (After Marini - 37) 


Immediate 7 — Day 2a ~— Day 
Stabilizer _ Strength __ _ Strength _ _ _Strength __ _ 
None eee xe /om@ 1ays® ke/om™ 
Lime Mortar 1.3 " 11.2 kg/om® 15.6 7 
Cement Mortar 1.6 " Less Y 20. * 


Note: Untreated soil was composed of 70% send, 30% clay; on 


stabilizing, 100 kg of mortar were adced to each cubic 
meter of soil. 


Figure C-2. Comparison of Ramnead and Fuddled Soil Cement 
Sricks (After Eiggs and Ceusing - 16) 


Method of Density Compressive Strength - Pounds 
Breging  _ b/euft. _ so tet =. _ 2 On Edge _ _ __ 
Pudc.ling ZS Lleee o18 
Ramning 154 ers OO L013 


=_—ee 0 Geep 0 0mm mem i e l l eel eee eS PP eee eee eeee E ee ee ed 


with 10% by weight of portland cement. 
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Figure C-5. Elastic Proverties of Soil Cements 
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(After Reinhold — 54) 
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14.350 
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* Poisson's number is the recivorocal of Poisson's ratio. 


Note: Modulus of elasticity is based on a tangent to the 


stress-strain curve at 


Vita cea be. 


a stress of one-third the 
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APPENDIX E 


SKETCHES OF LIGHTWEIGHT PCNTOCN ASSEMBLY 


Assembled Pontoon 





figure £-~2 


Side and bettom views , (WA eo 
Sr a portion of the M/ r 


deteil of pontoon 


a 
deck panel showing | | 
positioning lugs | 
j 
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| 
| 
Mee ee 
\:-— en eee 


ee ee ee ee 
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Figure E-3. Assembled 8' x 8' Causeway Section 
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